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This p dJSCUS dmgn and systems integration
., 7 Status. a 504000 pound (2224 kN) thrust
U cu.d Oxyg Upper Stage Engine Demonstrator

(USD) bemg created by Pratt & Whitney Liquid Space
Propulsion under contract for the Unitéd States Air
Force Research Laboratory (AFRL) to support the

bf""' Integrated High Payoff Rocket .Technology (IHPRPT)
Q(D?“ program. The objective o program is-to integrate

‘ advanced technology components into an expander
cycle engme configuration and demonstrate a 1%
increase in specific impulse, a 30% increase in engine
thrust-to-weight, a 25% reduction in failures per 1000
uses, a 15% reduction in required support costs, and a
15% reduction in hardware costs. relative to current
state-of-the-art levels:- Scheduled to be the first of the
IHPRPT program engine demonstrators, test firing is
planned in late 2001 to demonstrate a chamber
pressure (Pc) capability of 1375 psia (9.48 Mpa). This
integrated 50k LOX/LH2)engine demonstrator will be

used to evaluate individual component technologies as
well as the system level mechanical, structural and -
thermodynatmc interacti subs M

ThlS technology program pushes the performance and
operabxhty envelope of existing expander cycle engines
and provides the technology foundation to -allow the .
development of the next generation of - advanced space :
propulsion systems for ‘upper stage ‘and reusable
booster applications. Additionally,* «ﬂn'ough dwgn, '
manufacture, and integration of the demonstrator, hew .
methods have been developed and adopted which will
mcmse reliability and reduce component fabncauon

INTRODUCTION. ?,, Wt‘b
The Air Force, Amy, Navy, . and NASA}BV
imiplemented a three-phase, 15-year rocket propulsion
technology improvement effort to ‘double yocket
propulsion technology by the year 201Q%{ This
imitiative, designated the Integrated. High  Payoff
Rocket Propulsion Technology (IHPRPT) eStablished
performance, reliability, and cost nnprovexqent goals
formhofthethmephass.'rhwegoalsamtobemet
by advancing component technology levels through
design, development, and demonstration, followed by

. an integrated system level engine demonstmor 0
validate performance to the IHPRPT system level
goals. Pratt & Whitney (P&W) Liquid Space
Propulsion (LSP), under contract to the United States
Air Force Rmh Laboratory (contract F0461 I-97-C-

er—)

-wlwel goals “inc

0029), is conducting a systern level integration-6f'a 50k
LOX/LH2 Upper Stage Demonstrator (USD) engine*
(Ref. AIAA-99-2475, Design and Development of a
50k LOX/Hydrogen Upper Stage Demonstrator). The

-USD is comprised of the Advanced Liquid Hydrogen'
" (ALH) turbopump, which:is currently undergoing testS

(Ref. AIAA 2000-3679, Testing of an Advanced Liquid
Hydrogen ~Turbopump), the Advanced Expander
Combustor (AEC) (Ref, AIAA 2000-3776, Fabrication
And Test Of An Advanced EJgpander Combustor);
P&W provxded Advanced qumd Oxygen LO)-.

The ALH tmbopump was-designed and fabncamd by
P&W for the AFRL under contract F0461 i294-C-0008 :
and is currently undergoing comiponent. testing at
'P&W. The ALH turbopump incorporates an advanced
fluid film rotor Support system and“punip and turbine
improvements to maximize pump discharge pressure at
4 minimum turbopump weight and production cost.
The AEC thrust chamber was designed and is being

. fabricated by P&W for the AFRL under contract
.F04611-95-C-0123 for component testing with a P&W

provided 50k injector in summer 2000. The AEC -
thrust chamber incorporates an advanced copper alloy

in» a~tubular design to significantly nnprove the
capability of the expander cycle engine. For the

_demonstrator contract effort, P&W is integrating the

P&Wirovided ALO turbopump and SOk injector with
the gow ished ALH turbopump and AEC
thrust chamber, into a demonstrator assemb.
providing all'- required - component physical am

 functional infterfaces, ducting, valves, actuators, control
,system,msmnnentatlon,mdsensors

The mtegauqn .of ‘these advanced technologyi

components into an’ engine level system for test firing .
+ will - demionstrats“the [HPRPT LOX/LH2 boost/orbit .
mﬁ‘erptopnlsion area ‘Phase 1 goals. Th&eesystem'
c 2 1% unprovement in vacuum -
spec:ﬁc impulse, a 30% mprovement in

weight, a 15% reduction in hardware/support costs, .

" and 2 25% reduction in failure rate relative to the
. current state-of-ﬁ:e-art engme. .

Pran & Whitney, in coopemnon thhLAFRL

“established an advanced upper stage expander engine

model for the purpose of establishing the individual
component requirements necessary to enmsure the
IHPRPT Phase 1 system level goals are achieved. This .

cycle model was used to establish the performance,
“"cost, weight, and thermodynamic

" operating
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s Traceable component wexghts to Support an engme

requirements of the demonstrator emgine. The  mozzle will be 448.2 seconds. Extrapolating the design
component and engine level demonstration goals of ‘ie USD to estimated flight weights for the

- established for the 50k LOX/LH2 Demonstrator to; «""components indicates that the IHPRPT Phase I thrust-

support the IHPRPT goals are, : to-weight goal of 70.9 is achievable. Table 1 compares
4’0 , 7, the USD and projected IHPRPT Phase I engine

¢  Demonstrate an engine chamber pressure of 1375 ;- relisbility:improvements to the baseline engine. As the -
psia (9.48 MPa) at an engine flowrate to prov1de- .- ‘table Tndicates, the USD without the dual channel

50,000 The (222.4 kN) ofms%@ ; undancy that.would be incorporated into the
e  Maintain the geometric envelope=0of the ,,.,hase“lme % ‘.

(throat area, engine length and diameter, etc. @

flight weight of 700 llqi.’rm lég) .
¢ Demonstrate repeatable, safe, start, sh

steady-state operauop@ o

system mtegrat:on Systém
plpmgwasconcluded with 2:succ
Review in September 1999 The Demonstrator R
projected achieve the IHPRPT Phase T goaLof 50, 000 "
Ib; (2224 kN) thrust with margin. The projected - TeQuir
vacuum specific impulse with a baseline arez mtio -

g ; Tmgrovement: .performed. The flow analysm .
. L . Relativeto: || " A

: . 1 Baseline inlet conditions for each section
S| were derived from the cycle
. M-I \ analysis, The one-dimensieiial

) E g gnalysis indicates that at 100% "

3 = (RP}., iinprovements in pressure -

S %Eﬁ ossofzz%mthtehhydrglzgen::

A arrerioems ! n 1 LA 1 systém and 17% in the oxidizer -
Valves Component " Serplfed vabve dosigns_ 5; = 1?% ;  system * could ' be- achlev;d
Com:ﬂs ¥ M onts - . Dualchmdpfoadesn&mdm:y o ::;glar e to thel mltlal m’la'he .
iption System " {Dual e provides re&ndmy improvement in'piphag“pmsur’e "
Misc, - i drop assures that the turbine -
‘Gibal Assy - - ‘Designtd'mainain margins i flow control -~ valves - have’
Propellart Lines e Mt ERRIZNL - i - " operative margin at:thé 100% -
Torbemachinery T ": :'"“.'";-'"" . RPL operating condition. The
iOxidizerBoostPemp 1 ‘ ” "% structural analysis inclides the-
Fuel Boost Pump ___ Factored fom primary torbomachinery” i1 ‘weight of thé components and
{Omidizer Pump Assembly SimpBied design ofsetbyaddédturbins . - - - i was-performed at both 100%
! ‘Fuel Pump Assembly Smpiﬁ:ddewgn(SO%pmxeducnon) L. %% T | . RPL and chill-down conditions..
— - to " -bracket the expected:

v - . LT S operating -range. The analysis
- ; | IHPRPT Phase | Relibili . - indicates all piping stresses zre.
Table 1 - USD, and IHPRPT Phase I Relibility Comparison * well within desired margins of

American Institute of Aeronautics and Astronautics
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safety for both static and vibratory conditions without
imposing. -unacceptable interface loads on the
components, which is. adequate for the design intent of
the USD. The thrust mount support ring was also
examined and. found structurally acceptable with end

supports. The structural model will be retained to assist ~-

with. the design of the discharge piping and other
facility interfaces. The impact of the loads is expected
mbelowbecauseofthecmrentmargms

Over. 150 individnal -sensors have been incorporated
into the design of the USD to gather health monitoring
and performance data on each of the components and
thesystemmaddmonaltotheahnostZOparametets
that will be monitored by the Digital Electronic Rocket

Engine Control (DEREC). System data to be gathered
include component fluid - inlet and discharge -

. conditions, inlet flow rates, turbomachinery rotational
speeds and vibrations, valve positions and
electromechanical Actuator (EMA) current draw.

Yo A
Mlﬂ:m}{ st

" Figure 1 - USD Configuration

USD Math Model
A USD systemmathmodelhasbeencreatedwnhthe

P&W/NASA' MSFC ROCket Engine Transient
Simulation (ROCETS) system. ROCETS consists of 2
library of module building-block codes, a processor to
configire the modules into a user defined system
sxmtﬂaﬂon anda processor to execute the sunulauon as”

.maﬁlanancal repmemuons ‘of the rocket engme

components  with ~ sub-modules  containing
characteristic maps of specific components-and
properties of fluids, metals and combustion. Design,
off-design and transient characterization are provided
with the simulation through the use of characterized

component maps. The transient ROCETS model

represents the engine cycle and the component t0

. component interactions with real properties (fluid and

© friction Jlosses,

3

combustion) along with 2-dimensional flow analysis.
Non-linear dynamic analysis of system interactions is
achieved with volume dynamics, inertial flow, line
valve, actuator and ‘ controller

American Institute of Aeronautics and Astronautics
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characteristics. Heat transfer analysis is limited to 2-
dimensional conduction and convection. The model

does not perfonn any Computauonal Fluid Dynamlcs =

ramps, shutdown and stmdy state valve schedul
support test planning .and; pre-run predictions; su;zpo:t‘

component and plumbing design; define ‘valve" = :
" Fhe’; _,’Zparamters to safely optimize USD openuo
USD math model is: used to optimize transient. and -

requirements; and verify control methodology.”:

steady state operation with the: followmg operablhty _

considerations: .
e Avoid pump cavitation, StlL, 'and overspeed

caused by rapid flow acceleration, low inlet
" has’ been” updated to ‘réflect the final design

pressure and violation of suction performanc@
Minimize water h

Avoid injector flow 1 Tev

Avoid nozzle throat over-t

Prevent thrust chamber erosiof})

Track requested thrust and mixture m@ MoL
Avo:d excmve turbopump axml loads

Several non-hnmr charactensncs are mcorpomted in
the USD math” model Comhusuon properties are
obtained’ from the’ NASA ODE database and real fluid
properties from the NIST database. The USD ROCETS '
model simulates:

& Volume dynamics;

e Pump inlet and discharge line i merna,
e . Piping line losses and valve characteristics;
L J

Design and oﬁ'—dosxgn ‘furbine an polytroplc pump

charactenstlcs,

e Multi-node. chamber 2~d1menswnal heat tmnsfer

module;
Injectorareas; .
Controller. with dxgml to analog interface acmator
dynamics, sensor dynamics, and open or closed
loop capability; .. Ry

o ' Fuel system ventun ond

e Activet mjectorpu:rge@

Using the ‘math model stady-state and Imnsxent‘
operation .. were: exammed to develop . control

methodology and valve sequencmg that would satisfy
the operability consxdemuons during start, power

v'propellant il and. ﬂushmg were e

chamber erosion during tramsients. . Control .
methodology "studm were - performed 0 identify

‘chamber pressure and #ixture ratio contfols; and set
control parameters. Open' and" closed: Toop - coitrol
~simulations were run to validate the ability to control
“thrast and mixture tatio to the requ&stedﬁset-poms
"ALH and ALO turbopump performance maps will be
..benchmarked against component_ pgrfon'aance ‘ test

model enables customization of :

USD Math Moa'eI Updat

.TheUSD system-math m elmll.beupdatedto‘reﬂect

“component characteristics based on final design and

component test results. The USD system math model

configuration piping line losses. The ALO performance
maps’ were available December '1999. Limited steady™)

state - analysis was ‘completed with these  component "

updates, discussed below. Valve characteristics’ were -
“available late in 1999. Verification of the valve flow .

data- will be .completed -prior. to. updating the math -

~model. AEC component characteristics will be available -

in mid 2000; following hot fire testing of:the AEC. -

-"ALH component characteristics wﬂl be avaﬂable upon‘

compleuon of the. ALH twt serm

" Transient Analyszs

The transient studies will be repmted upon hzvmg the

" off-design characteristics from -component testing of

the ALH, ALO and AEC incorporated nto the model, -

“The coupling of these components and"the"system - -
" ‘dynamic characteristics requires that final ‘transient . . -

. studies be deferred untl all benchmaﬂged component
" characteristics -are availablé. Analysis of ‘turbopuinp -

" axial loads will be ‘completed after ALH and ALO

" -component characteristics have been'validate by ‘test

- and the tesults mcorporated into turboplmp axtal’ load .
modules S

 preliminary stw@a

Steady State Anabms Co : -
The USD math” model was used to analyze the i

te performance at power: levels
ranging from thé start level, 60% RPL =Pc of 825 psia”

- (5.69 Mpa)-at an O/F of 6.0, to the 100%: power level,™

changes, steady-state and shut-down. Valve sequencing .

was optimized to minimize water hammer, avoid pump-
cavitation ; ‘and .
cons:derauons, and reduce the potential of thrust

similar  turbopump .. . related -

Pc of 1375 psia (9.49 Mpa) at an O/F of 6.0. The
updated’ ALO" ‘perfofmance maps tesult’ in mno
significant change in the stead{Sfate operating points
analyzed. The ‘piping line lossés resulted in a 3.5%
increase in fuel control valve margin at the 100% RPL.- -

point. Complete steadff-s¥ate analysis, including the off:

American Institute of Aeronauﬁcs and Astronautics -
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BEssRR © Real Time Monitor -
8+ Test Facility '
o Snmulaﬁon

MIL-STD-1553
Test Bus

* Engine Model-

© MILSTD-1553Tes Faemym Data Buses

FlgureZ - The DEREC Software Verificatxon System '

design points and un’oopump axJal loads wﬂl be

deferred until benchmarked component characteristics
" are available. -

The embedded software will control the demonsuator

. through all phases of operation — prestart conditioning,

Digtal Electromc Rocket Engge Conu'o} @m‘n' p :

The 50k engme demoustmor wxll be conﬁgumd thh

an ‘on-engine” electronic control system.- The engine -

control system will be comprised " of a Digital
Electronic Rocket Engine Control (DEREC) system
and electromechanical actuators (EMAs) to control the
- engine ; valves. .EMAs eliminate the need for
conventional hydraulic - actuators and pumps, supply.
lines, and - associated .. ground support equipment,
directly ;supporting the THPRPT cost, welght, and
rellabxhty goals

The DEREC recelv&s tbrust and m:xmre ratio -

" Verification System which mc

commands from the test stand computer and modulates

the rig EMAs to achieve the desired
response. While both the DEREC and

t article
have two

‘start, stea

te, .and shutdown, and will include
limited self-health monitoring, fault detection, and

fault accommodation functions.” While both chamber

pressure and mixture ratio control functions will be
open loop with command set-point being 1ssued by the °

Test Conductor; the DEREC software will include a "‘

limited authority closed loop trim function that can be | _
activated during testing. PR

DEREC software has been written and bénch checkout
ofthesoﬁwm'elsmprogrssusmgaSoﬁware
2 Venﬁer o
simulate the engine and EMAS F:gure 2). “The

 Verifier has a real time model that sxmulaws engine '

operations’ and EMA feedback for all stages of ¢ engine
operation. DEREC software test cases have been

- completed to verify all engine operating conditions as
. well as sensor performance, activator mponse, and all’

fully redundant electrical channels, only one channel -

will be active for the demonstrator test program. Use of
a DEREC with EMAs with redundant channels is

45% reduction in failure rate, through improved engine

control, electrical signal redundancy, and elimination . ..

of the pneumatic actuation system. The demonstrator

DEREC will communicate with the test facility -
through a MIL-STD-1553 data interface through an -

Engine Control Monitor (ECM).: An abort.command
can be sent directly from the test stand computer to
terminate the test should the facility bealth monitoring
system detect an out-of-limit condition.

controF'todels, Software test cases-are pmenﬂy being
run to verify DEREC self-health momwrmg and test

'stand communications.
expected to provide an IHPRPT Phase [ engine witha .. e
.-Once characterization of USD components is complete,

software schedules and constants will be reviewed. If

. mecessary, the software will be updated and all changes

wﬂlbere-testedto ensureproperoperanon

The Verifier System will also be used for test
simulation -during demonstrator testing.-* Prior - to

‘Tunning the test command sequence on ﬂ_:e" USDng,

American Institute of Aeronautics and Astronautics -
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slmi] fashion” to that. planned. for typical test

~ Hardware Setup

the test will be simulated using the Verifier to vahdate configuration. This setup is nearly identical to the
propermd safe opemtnon A §oﬁware Venﬁcanon System w1t13 exceptlon of actual

Software and hardwa:e mtegranon twtmg “was T
performed at the bench level to verify control system
ca@aﬁbﬂuy The latest USD ng test DEREC“ soﬁware

operations.. The" limited authority closed Ioop” trim -,
function in the DEREC sofcware was also evaluated
during thls wstmg ‘

Cnueal soﬂware twmg was completed using the
Software: Verification System described in section 4 e
ric: ¢ mtegrauon test."This minimized hardware 15
risk "y’ insuring- that &ll vital control and fault _<
ation “fimctions were tested and” operatmg 3

s for real-time data*playback to
~STD-1553 test bus. The result
ment consistent with DEREC
ng test mode '

e

1 GL.(‘..‘ '

Figures 3 and 4 provide 2 photo of the actual test setup -
and a functional block diagram of the bench

‘Figure 4. Integration Test Hardware Setup

. American Institute of Aeronautics and Astronautics
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Engine Control Monitor -
e
¥+ Real Time Monitor

il « Test Facility

#  Simulation

.. 1553 Test Bus
" EMA
Feedbacks

Figure3 - Integration Test System- . . ..

Hardware Status’

Assembly of the USD is being paced by component
tests of the ALH and AEC. Component testing of the
AEC is scheduled for completion 3© quarter of 2000.
Component. testing of the ALH is expected to be
completed 1* quarter of 2001. The ALO has completed
- component tests, and the turbopump is stored at P&W
awaiting USD test. Manufacture and water flow
calibration of the USD control valves has been
completed by Flodyne Controls. The EMAY¥ are all on
hand and their operational status has been verified.
Fabrication of the control system wiring hamesses is
over 95% complete. All materials are on-hand needed
to fabricate the Demonstrator piping. Once testing of
the components is completed they will be used to field
fit the piping during the 1® quarter 2001. Assembly of

the USD is expected to require less than a week once

the piping fabrication has been completed.

Testing of the USD will be conducted on P&W$ High
Pressure Cryogemc Test Facility and is planned to start
in the 3" quarter 2001 once the DEREC software has
completed validation test.

Summary

The operating conditions and design features of the
USD components were selected to demonstrate
THPRPT Phase [ goals. The IHPRPT goals are broad

based and were selected to focus efforts to improve all *

aspects of rocket propulsion systems. Successful
completion of the program will provide the confidence
and design validation to tramsition the demonstrated
advanced technology components into existing and

future propulsion systems.
The primary enabling technologies (fluid film

‘bearings, high-heat transfer chamber, and digital

controls) will demonstrate significant benefits for

- rocket . engine components. regardless of cycle or
'pmpellant ‘Combination. Future vehicles such .as the

Space: Opemnons Vehicle and *Space Maneuvering
Vehicle  will need very ‘high performing . propulsion
systeims.  The USD ‘provides a derhonstration of
advancs thatmbeneﬁtﬂmepmpnﬂsxonsysﬁems

WhiletheUSDwasd&gnedtoprovﬁeanIEPRPT ,

Phase 1 upperstagedemonstxm it was sized fo-riieet
fumrelamchsystmdcmds.’l‘heﬂn'ustlevel for the
upper stagedemonsuatot is based on fature Taunch
vehicle deriiands. This is ahudy evident: on*Atlas and
Deltaheavyhﬁconﬁgmuonsthatmetwo RL10
engines.  An engine based on the USD meeting the
IHPRPT Phase [ go‘als for thrust-to-weight and

‘ Amencan Institute of Aeronautics and Astronautics
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‘manufacturing/support costs will be able to replace

these two engines in the same envelope of just one
RL10, increasing vehicle reliability and reducing

_ovenall vehicle cost.

With cost being one of the primary focus areas of the
THPRPT goal, the USD has also developed procedures
and manufacturing techniques which will reduce the
overall cost to launch vehicles in both hardware and
support requirements. This supports the EELV
program goals of reducing launch costs by 25 to 50%.
Engines utilizing the technologies demonstrated by the
USD will directly benefit any future upgrades to EELV
launch vehicles. The higher thrust level and
maintaining the same operational envelope of the
RL10 -also supports the demands of the h&vy lift
EELV.

‘The USD will demonstrate the operation of a high

conductivity chamber, fully supported - fluid film
bearing turbopump and digital controls in an engine
configuration. This technology demonstration,

scheduled for testing in late 2001, will push liquid -

rocket engime performance to new levels. This

technology base can lead to 2 high_ly reliable, reduced
cost engme capable of replacing existing RL10 upper

stage engines. The USD will lead }o robust engm&s for .

future expendable applications.” )
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